This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. faecal samples. An internal amplification control (IAC) was also developed and included in this assay. The qPCR assay was compared with an 18S nested PCR assay for sensitivity and specificity. The analytical sensitivity for the qPCR assay was 1 oocyst and 1-10 oocysts for the 18S assay. Evaluation of analytical specificity of the qPCR assay revealed no crossreactions with other genera and detected all C. parvum and C. hominis isolates correctly. The diagnostic sensitivity and specificity of the qPCR was 100% compared to 96.9% and 98.4%
Specific and quantitative detection and identification of Cryptosporidium hominis and C. parvum in clinical and environmental samples.
Rongchang Yang a , Cain Murphy a , Yong Song a , Josephine Ng-Hublin a , Annika Estcourt a ,
Introduction
The protozoan parasite Cryptosporidium infects a wide range of vertebrates including humans (Xiao and Ryan, 2004; Xiao, 2010) . Cryptosporidiosis mainly manifests itself as watery diarrhea with varying severity, abdominal cramps, loss of appetite, nausea, vomiting and low-grade fever (Xiao and Ryan, 2008) . A major mode of transmission of
Cryptosporidium is via contaminated drinking and recreational waters. The oocyst is the environmentally stable stage and is able to survive and penetrate standard/conventional wastewater treatment and is resistant to inactivation by commonly used drinking water disinfectants (Fayer et al., 2000) . Of the waterborne protozoan parasitic outbreaks that have been reported worldwide between 2004 and 2010, Cryptosporidium was the etiological agent in 60.3% (120) of the outbreaks (Baldursson and Karanis, 2011) .
Conventional methods for detecting Cryptosporidium oocysts based on the USEPA 1623 antibody method, cannot identify Cryptosporidium at the species level and suffer from lack of sensitivity due to the small numbers of oocysts in surface water and lack of specificity due to antibody cross-reactivity (Newman, 1995) . As a result of this, molecular tools have been developed to detect and differentiate Cryptosporidium at the species/genotype and cryptosporidiosis (Chalmers and Giles, 2010) . Currently, screening of environmental samples for Cryptosporidium using molecular methods usually relies on nested PCR followed by either restriction fragment length polymorphism (RFLP) analysis, or more usually sequencing to identify the species or genotypes present. Here we describe a rapid quantitative PCR (qPCR) assay that directly detects, quantitates and identifies C. hominis and C. parvum in environmental samples and compare its performance with a widely used 18S nested PCR assay (Xiao et al., 2001 ).
Materials and methods

Cryptosporidium isolates and DNA extraction
The assays (qPCR and 18S nested PCR) were tested on a range of samples including purified oocysts, total DNA extracted from faecal samples from sporadic and outbreak cases of cryptosporidiosis from Western Australia, the Czech Republic, the UK and Jordan, as well as a range of other parasites and 62 Cryptosporidium microscopy negative human faecal samples for specificity testing. The assays were also used to screen a total of 138 10L water samples (Table 1 ).
The C. parvum isolate (SC26) used for sensitivity testing in the present study, was originally obtained from an infected calf from the Institute of Parasitology, University of Zurich. The C. hominis isolate (H25) was obtained from a local diagnostic laboratory from an infected human patient from Western Australia. Both isolates were purified using ether extraction and a Ficoll ® density gradient as previously described (Meloni and Thompson, 1996) . Purified oocysts were enumerated with a hemacytometer and stored in 1 x phosphate buffered saline (1 x PBS) and antibiotics (100 IU/ mL penicillin G, 0.1 µg/ mL streptomycin and 2.5 µg/ mL amphotericin B) at a concentration of 10 7 oocysts/ml at 4°C prior until required.
Prior to DNA extraction, oocysts were diluted to a concentration of 10,000 oocysts/µl.
All DNA was extracted using a Powersoil DNA extraction kit (MOBIO, Carlsbad, California, USA), with minor modifications to the manufacturer's protocol as described by Ng-Hublin et al., (2013) . The 10,000 oocyst/µl DNA stock was then serially diluted to create oocyst DNA concentrations equivalent to 1000, 100, 10, 1 oocysts/µl, respectively to be used for sensitivity testing and standard curve generation using Rotor-Gene 6.0.14 software.
Nested 18S PCR, sequencing and cloning
All isolates were characterised using a nested 18S PCR followed by sequence analysis as previously described (Xiao et al., 2001) . The amplified DNA fragments from the secondary PCR product were separated by gel electrophoresis and purified using an in-house filter tip method. Briefly, positive bands were cut from the gel and the gel fragment transferred to a 100 l filter tip (with the tip cut off) (Axygen, FisherBiotech, WA), and then placed in a 1.5 ml Eppendorf tube and spun at full speed in a microfuge for 15 seconds. The filter tip was then discarded and the eluent was retained and used for sequencing without any further purification using an ABI Prism Terminator Cycle Sequencing kit (Applied Biosystems, USA). If mixed infections were identified, purified PCR products were cloned in the pGEM-T Easy Vector System II (Promega, USA). After transformation into JM109 competent cells, plasmid DNA was extracted using the QIAprep Spin Miniprep Kit (Qiagen, Victoria, Australia) from cultured clones grown overnight. Clones were sequenced as described above.
qPCR design
The qPCR was designed to directly detect, quantitate and identify C. hominis and C. parvum in environmental samples using a unique Cryptosporidium specific protein-coding gene previously described (Morgan et al., 1997) . This locus codes for a C-type lectin containing protein with a transmembrane domain and mucin-like rich regions (Cgd3_440 which spans positions 52052 -53389 of contig AAEE01000004) and maps to chromosome 3 (cryptodb.com). Minor groove binder (MGB) probes and an internal amplification control (IAC) were also included in the assay. A set of common primers were designed to amplify a 150 bp PCR product from both C. hominis and C. parvum using Primer 3
(http://frodo.wi.mit.edu/). The forward primer EVF1 5'-GAA CTG TAC AGA TGC TTG GGA GAA T and reverse primer EVR1 5'-CCTT CGT TAG TTG AAT CCT CTT TCC A)
were used in combination with species-specific MGB probes. The probe for C. hominis was 5'-FAM -TTG GAG CTC ATA TCA G 3' -MGBNFQ, and the probe for C. parvum was 5'JOE -CTT GGA GCT CGT ATC AG -MGBNFQ. The MGB probes were designed and synthesised by Applied Biosystems (Foster City, California, USA). qPCR assays were run on a Rotor-Gene 6000 (Qiagen, Victoria, Australia) and Cq values (qPCR cycle at which the amplification threshold was crossed) determined. All samples analysed using the qPCR assay were also screened in parallel using an 18S nested PCR as previously described (Xiao et al., 2001 ).
Internal amplification control (IAC) template preparation
The internal amplification control (IAC) consisted of a fragment of a coding region from Jembrana Disease Virus (JDV). Briefly, a 285 nt DNA fragment of JDV (GenBank accession number: U21603, nucleotide bases 1651 to 1906) was amplified using the following primers JDVF (5'-GGT AGT GCT GAA AGA CAT T) and JDVR (5'-ATG TAG CTT GAC CGG AAG T). Gel-purified PCR products were cloned in the pGEM-T Easy Vector System II (Promega, USA). After transformation into JM109 competent cells, plasmid DNA was extracted using the QIAprep Spin Miniprep Kit (Qiagen, Victoria, Australia) from cultured clones grown overnight. The DNA concentration was then analysed (NanoDrop, ND-1000)
according to the user's manual. The molecular weight was calculated for the DNA fragment, followed by the dilution of the DNA standards according to copy number. The JDV DNA concentration in the working solution was 10 copies per reaction. For amplification of the IAC, the primers were the same as those described above. The probe (5'-(Cy5) TGC CCG CTG CCT CAG TAG TGC (BHQ2) was designed by Proligo (California, USA) with Cy5 as the reporter dye and BHQ2 (Black Hole Quencher 2) as the quenching dye.
qPCR conditions
Each 15 for 30 sec (melt) and 61°C for 1 min (annealing and extension).
Analytical sensitivity testing
The analytical sensitivity of the assay was analysed by testing the qPCR on a range of C. hominis and C. parvum oocysts dilutions from 10,000 down to 1 oocyst, over five
replicates. The ability of the assay to detect different mixtures of C. parvum and C. hominis DNA was determined by testing 1:1, 1:10 and 1:100 mixtures of C. parvum:C. hominis DNA.
2.7.
Reproducibility of the assay
The reproducibility of the assay was determined by detecting a range of C. hominis and C. parvum oocysts dilutions on four different days with four different technicians preparing the reagents and running the qPCR's.
2.8.
Analytical specificity testing on a range of Cryptosporidium and non-Cryptosporidium species.
The analytical specificity of the qPCR assay was assessed by testing DNA from 15 different Cryptosporidium spp./genotypes, a range of C. hominis and C. parvum isolates, and non-Cryptosporidium spp.: Isospora, Tenebrio, Giardia, Cyclospora and Eimeria sp., as well as human, sheep and cattle DNA (Table 1) .
Diagnostic specificity
The diagnostic sensitivity and specificity of the qPCR was compared with the nested 18S
assay (with sequence analysis of both loci used to confirm accuracy), using a blind-coded panel of 124 DNA samples (62 Cryptosporidium positive and 62 negative), derived from the UK, Jordan and Western Australia (Table 1) .
Validation of the qPCR assay by prospective testing on water samples
To validate the performance on environmental water samples, the qPCR assay was used to screen a total of 138 10L water samples from different water sources in Western Australia. More information on these water samples is available in a recent study by Loganthan et al., (2012 
Statistical analysis
Statistical analysis was performed using SPSS 21.0 (Statistical Package for the Social Sciences) for Windows (SPSS Inc. Chicago, USA). Ninety-five percent confidence intervals were calculated using the software Quantitative Parasitology 3.0 (Rózsa et al., 2000) .
Results
Analytical sensitivity
The analytical sensitivity for the qPCR assay was 1 oocyst and 1-10 oocysts for the 18S assay (Table 2 ). The assay also reproducibly detected different mixtures of C. parvum:C.
hominis DNA ranging from 1:1, 1:10 and 1:100 mixtures (data not shown).
Reproducibility
The reproducibility of the assay was determined by detecting a range of C. hominis and C. parvum oocysts dilutions on four different days with four different technicians preparing the reagents and conducting the qPCRs. The assay was highly reproducible with relative standard deviation (RSD) values of 6.8%-9.4% for the C. hominis detection, and 1.6%-2.3%
with C. parvum detection (Table 3 ). Reproducibility analysis of the IAC showed that 100% of qPCR samples containing the IAC system had a positive qPCR result at the correct channel (Cy5). The IAC Cq values tabulated from the reproducibility trial exhibited 1.6%-4.9% RSD in DNA sample variation over the trial, and 1.1%-2.3% RSD within the same qPCR run.
Analytical Specificity
Evaluation of analytical specificity of the qPCR assay revealed no cross-reactions with other genera and detected all 10 C. parvum and C. hominis Western Australian isolates and the C. hominis and C. parvum purified oocysts correctly (Table 4 ). The qPCR also detected C.
baileyi (CZ3-18) and C. muris (CZ6-26) as C. parvum from the Czech Republic isolates.
Cloning and sequence analysis of the C. baileyi and C. muris amplicons however, revealed C.
parvum co-infections (data not shown). The non-Cryptosporidium isolates were not amplified by the qPCR assay. Using the 18S nested PCR, a faint band was produced for one of the Eimeria isolates, which when sequenced, was confirmed as Eimeria (Table 4) .
Diagnostic specificity
The diagnostic sensitivity and specificity of the qPCR was 100%. For the 18S assay the diagnostic sensitivity and specificity was 96.9% and 98.4% respectively (Table 5) . Two
Jordanian isolates (JD3 and JD8), which were positive using the qPCR assay, were negative at the 18S locus. Sequence analysis of the qPCR locus, confirmed the qPCR results. Two isolates (JD1 and JD2) were identified as a C. hominis and C. parvum mixed infection by the qPCR assay, but only C. hominis was detected using the 18S assay on these isolates. One of the Cryptosporidium microscopy negative isolates also produced a band using the 18S assay, which when sequenced was non-specific amplification (Table 5) .
Validation of the qPCR assay on water samples
Prospective comparison of the qPCR and the 18S assay for screening 138 water samples from different water sources in Western Australia for Cryptosporidium showed that the two assays were in agreement for a total of 136 (94.6%) samples. Overall the qPCR assay was more sensitive than the nested 18S assay and detected 19 C. hominis and 18 C. parvum positives, an overall prevalence of 26.8% (19.4-34.2 CI) ( Table 6 ). The numbers of oocysts detected in each sample ranged from 4 to 800. The 18S assay detected the same 19 C.
hominis positives but only 16 of the 18 C. parvum positives, an overall prevalence of 25.4%
(18.2-32.6 CI). All Cryptosporidium positives detected in water samples using the qPCR assay, were confirmed by sequence analysis. The recovery rate from the Envirocheck filters using samples spiked with 200 Cryptosporidium EasySeed™ oocysts was 44-48%. hominis and C. parvum, but the sensitivity of the test was not reported. Limor et al., (2002) also reported a FRET probe PCR assay, but the probe-primer set they used did not efficiently differentiate between C. hominis and C. parvum and the sensitivity of the assay was low (> 6 oocysts). Alonso et al., (2011) evaluated the performance of a locked nucleic acid (LNA)
TaqMan probe in a RT-PCR assay to quantify Cryptosporidium and Giardia. This qPCR assay was able to detect C. hominis, C. parvum, C. meleagridis and Cryptosporidium wrairi, but was not able to discriminate among these species. Jothikumar et al., (2008) designed a dual TaqMan assay to detect C. hominis and C. parvum in stool specimens based on an unknown locus (AF190627), which had a specificity of 94 %. More recently, TaqMan assays based on the LIB13 (function unknown) and 18S loci were developed to detect and differentiate C. parvum and C. hominis in human faecal samples Rolando et al., 2012; Mary et al., 2013 ).
An assumption of qPCR is that all samples will have the same reaction efficiency . This is generally true of high quality DNA extracts, but stool or environmental samples often yield DNA of variable quality and may also contain compounds that inhibit PCR or reduce PCR efficiency. For example, detection of Cryptosporidium in water samples is often hampered by the occurrence of organic and inorganic substances that can potentially be inhibitors in tests based on the nucleic acids (Skotarczak, 2009 ). In addition, the well-recognized difficulties in reproducing published tests due to variation in the performance of PCR thermal cyclers (Schoder et al., 2003) , the inefficiencies of different DNA polymerases and the presence of PCR inhibitors in the sample matrix have hampered implementation of qPCR assays for Cryptosporidium in end user laboratories. In the present study, an internal amplification control (IAC) was used to overcome these difficulties. An IAC is a nontarget DNA sequence present in the same sample reaction tube, which is coamplified simultaneously with the target sequence. The IAC is required to allow differentiation between true negative samples and false negatives due to PCR inhibition, and to allow for any corrections to quantitation estimates to allow for PCR efficiency differences between the DNA standards and samples. For example, in a PCR without an IAC, a negative response (no band or signal) can mean that there was no target sequence present in the reaction. But it could also mean that the reaction was inhibited due to malfunction of the thermal cycler, incorrect PCR mixture, poor polymerase activity, and/or the presence of inhibitory substances in the sample matrix . Conversely, in a PCR with an IAC, a control signal will always be produced when there is no target sequence present.
When neither IAC signal nor target signal is produced, the PCR has failed. Thus, when a PCR-based method is used in routine analysis, an IAC, if the concentration is adjusted correctly, will indicate false-negative results. In the present study, a rapid qPCR assay that directly detects, quantitates and identifies C. hominis and C. parvum was developed and validated against a range of isolates using 18S nested PCR and sequencing as a comparison. It is one of the few studies on qPCR detection of Cryptosporidium to include an IAC. A multiplex assay for detecting Entamoeba histolytica, Giardia duodenalis, and C. parvum used an IAC based on seal herpes virus type 1 (PhHV-1) (Verweij et al., 2004) . However, that study only tested the Cryptosporidium primers and probe against 28 human stool samples and thus its specificity for a range of Cryptosporidium species is unknown. A more recent study also included an exogenous IAC but provided little information . The IAC in the present study was based on a fragment of a coding region from JDV and amplification of the IAC was highly reproducible with RSD values of 1.1-4.9%, indicating that inhibition was not an issue.
Evaluation of analytical specificity of the qPCR assay revealed no cross-reactions with other genera and detected all the C. parvum and C. hominis isolates correctly. The qPCR assay detected one C. baileyi and one C. muris isolate as C. parvum. However, cloning and sequence analysis of the C. baileyi and C. muris amplicons revealed C. parvum co-infections, therefore the assay was 100% specific for C. parvum and C. hominis. The assay was also tested against C. cuniculus (which is very closely related to C. hominis), but did not crossreact with C. cuniculus. Of the qPCR assays developed thus-far for Cryptosporidium, only two studies tested their qPCR assay against C. cuniculus and both reported cross-reaction with C. cuniculus Mary et al., 2013) . More recently, a qPCR assay for the specific detection of C. cuniculus has been developed based on the 60-kDa surface glycoprotein gene (gp60) using two PCRs targeting gp60 subtype families Va and Vb (Hadfield and Chalmers, 2012) . To date, there has been just one waterborne outbreak caused by C. cuniculus (Chalmers et al., 2009 ) and a sporadic case rate of 1.2% identified in the United Kingdom . It has not been reported in human samples in Australia to date but has been identified in rabbits (Nolan et al., 2010) . It should also be noted that there is no assay available which differentiates all Cryptosporidium spp. and genotypes, except for sequencing of the 18S rRNA gene, which is impractical for some laboratories and not cost-effective for high through-put screening.
The locus used for the qPCR in the present study is highly specific for Cryptosporidium, as it codes for a protein that is unique to Cryptosporidium (cryptodb.com). In addition, GenBank Blast searches revealed no significant homologies to the qPCR primers. Specificity of the qPCR assay was enhanced by using MGB probes which have been shown to be more specific compared to standard Taqman TM probes and result in a lower background signal, which results in better precision in quantitation (Yao et al., 2006) . The diagnostic sensitivity and specificity of the qPCR was 100% compared to 96.9% and 98.4% respectively for the 18S assay. The qPCR assay was also highly reproducible with RSD values of 1.4-9.4%, when the assay was performed by four different technicians. When tested prospectively on water samples, the qPCR assay was more sensitive than the 18S assay, detecting positives in 37 of 138 water samples compared to 35 for the 18S locus. The copy number of the locus used in the qPCR is unknown but the qPCR was more sensitive and specific for Cryptosporidium than the nested 18S PCR (Table 4) . Another advantage of the qPCR assay over the 18S nested assay and sequencing is that the qPCR is able to readily detect mixtures of C. parvum and C.
hominis down to mixtures of 1:100.
Rapid screening, quantitation and identification of the two most important
Cryptosporidium species that infect humans (C. parvum and C. hominis) using qPCR is more cost effective and has a more rapid turn-around time than nested PCR and sequencing of the 18S locus. For example, the consumables cost of the nested PCR and sequencing per sample in our laboratory is AUD $25 (excludes labour costs). Where-as the cost of the qPCR is AUD $8 per sample. The time required to PCR and sequence one sample using the 18S assay is approx. 2 days whereas the qPCR assay allowed high throughput analysis, with all 138 water samples screened by qPCR in 4 hours. This is a significant advantage when analyzing environmental samples, particularly when the results of the analysis may have management implications for a particular water authority.
Quantitative PCR methodology has been used to develop high-throughput screening assays for a variety of applications. The results of the qPCR assay developed in the present study and validated against a range of faecal and environmental isolates demonstrated that the qPCR assay targeting a unique Cryptosporidium-specific locus was able to reliably detect the presence of Cryptosporidium and is a valuable tool for rapid differentiation between C.
hominis and C. parvum in both stool and water samples collected for epidemiological investigations. Western Australia * identified using PCR-RFLP analysis of the COWP locus in the UK laboratory (Spano et al., 1997) . ** supplied by Dr Nawal Hijjawi from a Cryptosporidium outbreak in Jordan, in August 2007 and typed using sequence analysis of the gp60 gene (Hijjawi et al., 2010) . Table 2 . Analytical sensitivity and repeatability of the qPCR assay compared to the 18S assay on five replicates of a range of oocyst dilutions for C. hominis and C. parvum. 
Cryptosporidium
